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It was recently advanced the argument that Unruh effect emerges from the study of quantum field
theory in quantum space-time. Quantum space-time is identified with the Hilbert space of a new
kind of quantum fields, the accelerated fields, which are defined in momentum space. In this work
we argue that the interactions between such fields offer a clear distinction between flat and curved
space-times. Free accelerated fields are associated with flat spacetime, while interacting accelerated
fields with curved spacetimes. Our intuition that quantum gravity arises via field interactions is
verified by invoking quantum statistics. Studying the Unruh-like effect of accelerated fields, we show
that any massive object behaves as a black body at temperature which is inversely proportional to
its mass, radiating space-time quanta. With a heuristic argument it is shown that Hawking radiation
naturally arises in a theory in which space-time is quantized. Finally, in terms of thermodynamics,
gravity can be identified with an entropic force guaranteed by the second law of thermodynamics.
I. INTRODUCTION
Quantum field theory and general relativity are con-
sidered as the most successful theories we have, however
they are based on contradictory hypotheses. General rel-
ativity teach us that space-time is curved and everything
is smooth and deterministic. On the other hand, quan-
tum field theory advocates that the world is formed by
discrete quanta over a flat space-time, governed by global
symmetries.
As the history of physics has shown, the comparison
between apparently contradictory successful theories has
led to major steps in science. Accelerated quantum fields
[1, 2] are precisely an effort to solve the irreconcilable con-
tradiction between quantum mechanics, as formulated in
quantum field theory, and general relativity. In this ap-
proach, both the lessons of geometry and quantum are
taken into account and we proceeded with a fresh look
at the problem.
In accelerated quantum field theory, accelerated refer-
ence frames are represented by quantum space-time. It is
usually assumed that space-time should be a continuum
in order to define a quantum field theory in an accel-
erated frame of reference. This is due to the fact that
the transformation of a quantum field to an accelerating
frame is simply implemented by the coordinate transfor-
mation from inertial frame to an accelerating one. The
main purpose of [1] was to show that an appropriate mod-
ification of the ordinary concept of space-time redefines
an accelerating quantum system of fields. The main re-
sult in that work is that there exists a Lorentz invariant
definition of space-time that contains a natural unit of
length which depends on the value of acceleration. In
a subsequent paper, which was aiming at demonstrating
the utility of accelerated fields, it was shown how Unruh
effect emerges from quantum space-time [2].
The incorporation of gravity into relativistic frame-
work may be based on the equivalence of all accelerated
∗ kiosses.vas@gmail.com
systems. Einstein’s important advance was to realize that
if all accelerated systems are equivalent, then Euclidean
geometry cannot hold in all of them. Thus, Rieman-
nian geometry has been manifested itself as the natural
mathematical framework to study gravity. Accelerated
quantum fields modify the concept of accelerating refer-
ence frame and therefore our understanding of gravity.
The description of gravity as space-time curvature can-
not survive in this theory. Our aim in this work is to show
how we can understand gravity in the theory of acceler-
ated quantum fields. As we will see, gravity appears as
a feature of accelerated fields, which is necessary for the
consistence of the theory, thus unraveling its emergent
nature.
On the way to quantum gravity, while it is generally
accepted that space-time is quantized, there is disagree-
ment as to how quantization manifests itself [3]. In ac-
celerated quantum field theory, the definition of quantum
fields in momentum space indicates the quantization of
space-time in a mathematically consistent way. Space
and time are quantized in the way quantities like energy
and momentum are quantized in ordinary quantum field
theories.
The requirement of locality remains a strong motiva-
tion for studying field theories in the quantum world.
However, the presence of a fundamental length scale in
any theory of quantum gravity guaranties the entrance
of non-locality. Therefore we cannot treat the quantum
gravitational field simply as a quantum field in space.
Physicists have sought a way to incorporate gravity into a
quantum field theory by making conjectures about possi-
ble alterations that could be made to the theory. Malda-
cena suggested that holography might be the key to rec-
oncile gravity with quantum mechanics, all you need is an
extra dimension of space [AdS/CFT] [4]. Our proposition
renders extra dimensions needless. We share Born’s view
[5], that physics should be equivalently formulated from
the position and momentum point of views, and develop a
theory where space-time and momentum space appear to
hold equal parts. We promote momentum space by con-
structing a relativistic field theory in momentum space
analogously to matter field theories in space-time. As
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2a consequence, in our case, the smooth metric geometry
of space, which is the ground needed to define a quan-
tum field, is provided, not by the space-time but, by the
momentum space.
Constructing a relativistic field theory in momentum
space analogously to standard field theories in space-
time, it would be interesting to investigate whether and
in which form the properties which characterize standard
quantum field theories appear in the new construction
of quantum fields. We find that Unruh effect [6], one
of the most intriguing feature of quantum field theory,
where different frames of reference correspond to differ-
ent vacua, is also met in accelerated field theory, with
the exception now that the key-role is on mass and not
on acceleration.
Invoking equivalence principle, we apply accelerated
field theory to uniform gravitational field and show that
the corresponding Unruh ambiguity in the vacuum defini-
tion is the quantum analogue of tidal effects of gravity. In
addition, we are led to a new understanding of Hawking
radiation, which simply appears to be the Unruh effect
of accelerated fields. In this way, gravity is represented
by a type of black body radiation, which is emitted by
any massive object. Instead of energy quanta, a “gravi-
tational” black body emits quanta of space-time. Alter-
natively, this can also be expressed in the following way:
The central idea of general relativity, that matter causes
space-time to curve, in a field theory, is translated to the
fact that all massive objects emit quanta of accelerated
fields.
The point that gravity, and space time, can indeed be
explained in terms of quantum field terms, may have im-
portant implications not only regarding the foundations
of physics, but also for many areas in which gravity plays
a central role.
In section II we briefly summarize the main elements
of accelerated field theory. Section III illustrates how
curved space-times arise in the framework of accelerated
quantum field theory. In section IV we study the Unruh-
like effect of accelerated fields and explain how Hawking
radiation can be derived, while section V is devoted to
discuss the origin of mass in a context in which space is
quantized. We close with an overview of the results and
some discussions in section VI.
Throughout the text we consider quantum field theo-
ries in two dimensions with metric signature (+,−). Fur-
thermore, the units are chosen such that c = 1 but ~ and
G are kept explicit.
II. SPACETIME AS A QUANTUM OBJECT
There is plenty of evidence today for physicists to come
to a consensus supporting an all-fields view. However,
the conventional intuition provided by quantum field the-
ory fails for quantum gravity. The view where quantum
fields are defined over space-time, as a continuum, needs
to be abandoned for quantum gravity. We are in need
of a novel way to define space and time. This is exactly
what accelerated quantum fields theory [1, 2] provides.
In this section, we review the main features of acceler-
ated quantum fields, a recent development of a quantum
description of space-time, done in terms of a field theory.
The point of departure is Unruh radiation, one of the
most interesting effects in modern physics. According
to Unruh [6], an accelerated observer moving through
Minkowski vacuum will see a background of quanta, but
an inertial observer will swear that the state is empty.
Accelerated quantum field theory opens the possibil-
ity of an alternative explanation. More specifically, let
us consider the simple case of a real massive bosonic
quantum field which obeys the Klein-Gordon equation(
∂2t − ∂2x +m2
)
Φ = 0. Instead of taking the Unruh-
Fulling approach, in which the field equation defined in
an accelerated frame is expressed in Rindler coordinates,
we introduce a field in momentum space, defined by the
wave equation(
∂˜2E − ∂˜2p − 1/α2
)
Ψ˜(E, p) = 0. (1)
Then, the thermal spectrum arises mixing the two fields
(
∂2t − ∂2x +m2
)
Φ(t, x) = 0(
∂˜2E − ∂˜2p −
1
α2
)
Ψ˜(E, p) = 0
(2)
For more details I refer to [2].
Eq.(1) promotes the relativistic kinematic relation x2−
t2 = 1/α2 to field status. But, what is the physical mean-
ing of a field which is defined in momentum space? To an-
swer this it would help to recall that, according to general
relativity, physical processes associated with the gravita-
tional field occur even in space that is free from matter
fields. Obviously, Ψ˜(E, p) survives in a physical system
with no matter field. So, even if Ψ˜(E, p) not stands di-
rectly for the gravitational field, it should be associated
in a way with space-time (the quantity that remains even
with no matter fields).
The modern view we have for fields is that they are
states or conditions of space. Accelerated fields theory
generalizes this view by introducing the “states” or “con-
ditions” of momentum space. In this context, Ψ˜(E, p) re-
mains continues, filling all the momentum space, while
quantizing it, “space” and “time” become the primary
dynamical concepts, with acceleration to be a parameter
that appears in the description of “space-time”.
A straightforward approach to the quantization of
the free field Ψ˜(E, p) begins by expanding the field
in an orthonormal set of mode solutions u˜t(E, p) =
ei(Et−pxt)/
√
4pixt, with xt ≡ x(t) =
√
t2 + 1/α2, and
claiming that the definition of the positive- and negative-
frequency solutions lies in the existence of a space-like
Killing vector field, ∂˜p, in momentum space [1]. Working
in the space spanned by the positive frequency modes u˜t,
one can define the field operator Ψ˜ in the language of the
3second quantization in the usual way
Ψ˜(E, p) =
∫
dt
(
a˜tu˜t(E, p) + a˜
†
t u˜
∗
t (E, p)
)
. (3)
a˜t and a˜
†
t are the annihilation and creation operators,
respectively, since they fulfill the typical algebra for cre-
ation and annihilation operators, i.e.
[a˜t, a˜t′ ] =
[
a˜
†
t , a˜
†
t′
]
= 0,
[
a˜t, a˜
†
t′
]
= δ(t− t′) (4)
By defining the conjugate momentum as Π˜(E, p) =
∂˜pΨ˜(E, p), the commutation relations (4) in space-time
are equivalent to the canonical equal-momentum com-
mutation relations[
G˜p(E), G˜p(E
′)
]
=
[
Π˜p(E), Π˜p(E
′)
]
= 0,[
G˜p(E), Π˜p(E
′)
]
= i δ(E − E′),
in momentum space.
Which is the spectrum of the theory? To begin with,
we define the Hamiltonian of the theory. The Hamilto-
nian is defined in the following way. First we construct
the Lagrange density associated with equation (1) by in-
verting the Euler-Lagrange equation. Then, Noether’s
theorem provides us the momentum independent quan-
tity that plays the role of the Hamiltonian. Finally, by
using Eq. (3) we can write the Hamiltonian in the form
X˜ =
∫
dt√
4pixt
xt
(
a˜
†
t a˜t +
1
2
[
a˜t, a˜
†
t
])
. (5)
The second term inside parenthesis is something we can-
not avoid. Our treatment resembles that of harmonic
oscillator and this term is the field analogue of the har-
monic oscillator zero-point energy. We will ignore this
term in all of our calculations below, unless stated oth-
erwise. But, we intend to discuss the nature and the
consequences of this term in a subsequent work. From
Noether’s theorem it also follows the operator (see [1] for
details)
T˜ = −
∫
dE Π˜∂˜E G˜ =
∫
dt√
4pixt
t a˜†t a˜t. (6)
Using Eq. (5) for the Hamiltonian, it is straightforward
to evaluate the commutators[
X˜, a˜†t
]
= xta˜
†
t ,
[
X˜, a˜t
]
= −xta˜t. (7)
We can then write down the spectrum of the theory.
There will be a single vacuum state |0α〉, characterized
by the fact that it is annihilated by all a˜t,
a˜t|0α〉 = 0, ∀t. (8)
All other eigenstates can be built by letting a˜†t acting on
the vacuum,
|t〉 = a˜†t |0α〉. (9)
Acting on our |t〉 with the operators X˜ and T˜ we obtain
the quantum numbers of the state.
X˜|t〉 = xt|t〉 with x2t = t2 + 1/α2 (10)
T˜ |t〉 = t|t〉. (11)
As we see the quantum numbers of the state are related
to space and time. Hamiltonian X˜ has dimensions of
length, while T˜ has dimension of time.
Before proceed to the interpretation of the eigenstates
|t〉, let us recall how an accelerated frame appears in spe-
cial relativity and what is the physical meaning of the co-
ordinates (xt, t) appearing in the equation x
2
t = t
2+1/α2.
Consider an accelerated observer with constant accelera-
tion α. Relative to an inertial frame, his motion is given
by the world line xµ = xµ(τ) (τ is the proper time). The
world velocity uµ = dxµ/dτ is a time-like unit vector
and because it is fixed in magnitude it is orthogonal to
the world acceleration aµ = duµ/dτ . Joining to these
conditions the equation aµaµ = α
2, the solution of the
equations for the motion of the observer in the inertial
frame reads [7] xµxµ ≡ x2− t2 = 1/α2. The world line of
a uniformly accelerated observer in a space-time diagram
is a hyperbola. For each coordinate time t the position
of the observer is
x =
√
t2 + 1/α2, (12)
which is equivalent to the eigenstate xt.
The theoretical concepts that physicists have formed
about space and time, the geometric theory of gravity
among them, are based on the assumption that the vari-
ables xt and t (if we restrict ourselves to 1+1 space-time)
take on a continuum of values and they may take on these
values simultaneously. If this constitute the classical as-
pect of space and time, the quantum is introduced by
postulating that space and time are composed of discrete
quanta. We theorize that the position xt may be equal
to an angular frequency ω˜, while time t may be equal to
a wavenumber k˜, both multiplied by a constant ~,
xt = ~ ω˜t and t = ~ k˜, (13)
following the recipe of one of the starting milestones
of quantum theory, the wave-particle duality. Notice
that in this setting ~ has dimensions of physical action
thus it is nothing else than the reduced Planck constant.
Equation (1) has been developed principally from the
above hypothesis, a wave equation that would describe
quantum space-time. In practice, natural units compris-
ing ~ = 1 are used, except otherwise stated, allowing
time, wavenumber, length and angular frequency to be
used interchangeably. Thus, we recognize the relation
x2t = t
2 + 1/α2 as the relativistic dispersion relation for
a frame of reference in a state of acceleration α.
To this end, let us try to interpret the eigenstates of
the Hamiltonian, the states of the quantum field Ψ˜. The
field equation for Ψ˜ together with eq.(3) imply that the
amplitudes a˜t and a˜
†
t of the tth field mode satisfy the
4equations of motion for a set of quantum harmonic oscil-
lators. These equations should be seen as the equations
of motion for a mechanical system having not one, but an
infinite number of degrees of freedom. Operators a˜t and
a˜
†
t are the familiar raising and lowering operators from
the harmonic oscillator problem. As in the harmonic os-
cillator problem, the tth mode has an infinite “discrete”
position spectrum xt(nt+1/2). nt = 0, 1, 2, · · · ,∞ is the
number of quanta in the tth mode and is the eigenvalue of
the number operator N˜t := a˜
†
t a˜t. Notice that we have to
keep track of separate numbers of quanta for each time t.
A distinctly quantum aspect is that, even in the vacuum
state where nt = 0, each mode has length xt/2. Another
quantum aspect is that the position x of an accelerat-
ing observer of a single mode has an infinite spectrum of
discrete values separated by ∆x = xt. The first excited
state |t〉, as we saw after dropping the infinite constant,
has length xt and time interval t. We interpret |t〉 as the
spacetime eigenstate of a single accelerating observer of
acceleration α with coordinates (xt, t). Each quantum of
the field is called an excitation, because its length xt rep-
resents more ”lengthy” accelerating observers. All other
spacetime eigenstates can be built by acting on |0α〉 with
creation operators. In general, the state
|t1 + t2 + · · ·〉 = a˜†t1 a˜†t2 · · · |0α〉 (14)
is an eigenstate of X˜ with length xt1 + xt2 + · · · and of
T˜ with time interval t1 + t2 + · · · .
Equation (14) shows that accelerated field theory can
accommodate multi-quanta states. We interpret the
state in which n a˜†t acts on the vacuum as an n-
accelerating observers state. The full Hilbert space of
our theory is spanned by acting on the vacuum with all
possible combinations of a˜†t ’s,
|0α〉, a˜†t1 |0α〉, a˜†t1 a˜†t2 |0α〉, a˜†t1 a˜†t2 a˜†t3 |0α〉, · · · (15)
This space is the corresponding Fock space of the theory.
A useful operator which counts the number of accelerated
observers in a given state in the Fock space is the number
operator
N˜ :=
∫
dt√
4pixt
a˜
†
t a˜t. (16)
and satisfies N˜ |t1 + · · ·+ tn〉 = n|t1 + · · ·+ tn〉.
It is important to note that the number operator com-
mutes with the Hamiltonian, [N˜ , X˜] = 0, ensuring that
particle number is conserved. This is a property of free
theories where, accelerated observers do not ”interact”
with each other. However, this will no longer be true in
the rest of the paper where we consider interactions: in-
teractions create and destroy accelerating observers, tak-
ing us between the different sectors in the Fock space. In
the sections that follow we argue that exactly this transi-
tion between different sectors in the Fock space identifies
gravity.
III. FREE-FALL OBSERVERS IN
ACCELERATED FIELD THEORY
In Newtonian physics, free fall is any motion of a body
where gravity is the only force acting upon it. In the
context of general relativity, where gravitation is reduced
to a space-time curvature, a body in free fall is subject to
no force and is an inertial body moving along a geodesic.
Due to equivalence principle, an infinitesimally ex-
tended, homogeneous gravitational field can be com-
pletely replaced by a state of acceleration of the reference
system. In the framework of accelerated quantum fields
theory, equivalence principle permits us to identify the
world line of a free fall observer to the Hilbert space of
an accelerated field where the parameter of inertial ac-
celeration is replaced by the gravitational acceleration.
More specific, let us consider a real field G˜(E, p) defined
at all points (E, p) of momentum space, satisfying the
field equation(
∂˜2E − ∂˜2p −
1
g2
)
G˜(E, p) = 0, (17)
where g is to be interpreted as the gravitational acceler-
ation of the field quanta. Following the formulation of
accelerated quantum field theory, the field operator has
the expansion
G˜(E, p) =
∫
dt
(
a˜tu˜t(E, p) + a˜
†
t u˜
∗
t (E, p)
)
. (18)
In addition, our discussion at the previous section shows
that the vacuum state is defined by a˜t|0g〉 = 0. The
states a˜†t |0g〉 having time interval t and length xt are in-
terpreted as single free falling observer states at position
with coordinates (t, xt). States of the form a˜
†
t1 · · · a˜†tn |0g〉
are interpreted as n-free falling observers states.
Up to this point, we have seen no interactions. The free
field theory that we have discussed so far is very special:
we can determine its spectrum, but nothing interesting
then happens. It has field excitations, but these excita-
tions do not interact with each other. Combining more
than two accelerated fields, i.e. fields whose parameter g
takes different values, typically yields a quantum opera-
tor which changes the particle number. The interaction
terms in the Hamiltonian can be used to create free fall
observers with new coordinates or annihilate observers
leaving behind length only in the form of other free fall
observers. Thus, the number of degrees of freedom be-
comes a dynamical variable.
To understand what is at stake, we need to look back
at the precedents, where spacetime is described geomet-
rically, and recall a fundamental implication of gravity:
the tidal distortions of free fall observers.
Consider a free falling observer in a massive object’s
gravitational field (see figure 1). The observer places
three point particles along an axis in the plane tangent
to the massive object’s surface. The released point parti-
cles are independent in the sense that, once placed, they
5are in free fall. There are no external forces acting on
them except gravity, so they are not moving relative to
each other. All three point particles point to the center
of mass, but depending on how far between each other
are placed, they have their free fall accelerations directed
differently or not. These two situations are depicted in
figure 1. In case the point particles are not falling in
precisely the same direction (figure 1-A), although the
magnitudes of the free fall accelerations are the same,
there is a relative acceleration between the point par-
ticles. The sideways point particles move toward the
central one. The important point to note is that even
though all three of these trajectories are for free falling
objects i.e. objects that are “inertial” and have straight
line trajectories, as time develops, they are moving to-
ward each other. This is clearly a direct violation of Eu-
clid’s axioms. In Euclidean geometry, when we drop the
parallelism axiom, we get a curved space. Nevertheless,
sufficiently near to any point, we can pretend that the
geometry is flat (this is how explained the parallel tra-
jectories in figure 1-B). This is true for all so-called Rie-
mannian spaces: they all are locally flat, but the locally
straight lines (called geodesics) do not usually remain
parallel. Einstein’s important advance was to see the
similarity between Riemannian spaces and gravitational
physics. He identified the trajectories of freely falling
particles with the geodesics of a curved geometry: they
are locally straight since spacetime admits local inertial
frames in which those trajectories are straight lines, but
globally they do not remain parallel.
FIG. 1. Free fall accelerations for test particles released along
an axis in the plane tangent to the mass’s surface. In A: The
trajectories, which are directed to the center of the mass, are
in different directions. Thus, there is a relative acceleration
among the particles. In B: Point particles arranged in a small
distance, no relative acceleration is detected.
Let us see now how accelerated fields incorporates the
physics employed in this example. As we have said, the
trajectory of an observer in free fall quantum mechani-
cally is represented by the Hilbert space of an accelerated
quantum field with parameter the gravitational acceler-
ation. In this context, the point particle’s trajectories
illustrated in figure 1-B is given by the Hilbert space of
3-accelerating observers states
a˜
†
t1 a˜
†
t2 a˜
†
t3 |0g〉. (19)
Notice that these states are built using the creation op-
erator of a single field. This entails to the conservation
of the number of quanta, a feature we meet at free field
theories. This conclusion cannot be applied to the tra-
jectories shown in figure 1-A. The presence of corrections
in acceleration imposes the combination of more fields,
which entails the creation or annihilation of quanta in
the right numbers and with the right length. In sections
IV and V we will see that the cause of these interactions
may be explained by invoking the second law of thermo-
dynamics which pushes the field quantum distribution to
approach a black body distribution.
We should emphasize that spacetime is not the 4-
dimensional continuum that appears in general relativ-
ity and ordinary quantum field theories; Space and time
arise as excitations of quantum fields. Each quantum
carries its own time interval and spatial length, and each
field has its own spectrum. If accelerated fields suggests
a new language to describe space and time, in this sec-
tion we argue that the interactions between such fields
offer a clear distinction between flat and curved space-
time. Free accelerated field theories are identified with
flat spacetime, while interacting accelerated field theories
with curved spacetime. Given the fact that, according
to general relativity, gravity is geometry, then the clas-
sification of spacetime in quantum field terms provides
a new ground to describe gravity not as a property of
Riemannian geometry, but as a quantum fields property.
Accelerated field theory push physics forward by return-
ing to Einstein’s philosophical roots and extending them
in an exciting direction.
We will finish this section by discussing various fea-
tures of accelerated quantum field theory as applied to
free fall observers.
The role of fields is to implement the principle of local-
ity, and accelerated fields are not a exception. We just
need to extend the classical notion of locality, derived
from the concept of classical space-time, to momentum
space. If we call here the classical locality simply as lo-
cality, then, the momentum locality expresses the idea
that quantum processes, as described in this section, can
be localized in energy and momentum. This is a rea-
sonable consequence of treating energy and momentum
as classical entities which appear in the argument of ac-
celerated fields. (We do not claim, against all the ex-
perimental facts, that energy and momenta are classical
concepts. We just restrict ourselves to a theory that mat-
ter fields are not included.) That non-locality must enter
any theory of quantum gravity is guaranteed by the pres-
ence of a fundamental length scale. On the other hand,
one of the properties that quantum field theory incorpo-
rates into quantum physics is locality. The framework
we propose reconcile that contradiction by linking the
6generalization of locality to a new understanding of the
momentum space. An idea which, in different settings,
has already been used [11].
In [2], free accelerated quantum fields were introduced
to show that Unruh effect can be attributed to the nature
of space-time. The relation between inertial and accel-
erating reference frames is reduced to a correspondence
between classical and quantum space-time, expressed by
the absence or the presence of accelerated fields, respec-
tively.
This picture cannot survive when gravity is taken into
account. In such a system, due to Equivalence princi-
ple, all the inertial frames of reference are substituted by
free fall ones. As we have shown, in our model, free fall
observers entail the quantization of space-time by quan-
tizing their worldline in Minkowski diagram. This means
that space-time should be quantized when gravity is not
disregarded. The essential requirement that any theory
of gravity must admit local inertial frames (i.e. frames
that, at a point, are inertial frames of special relativity),
in the model of accelerated fields turns into the prerequi-
site the interacting theory to acknowledge the existence
of a free field theory. Remember that the definition of a
free accelerated field is based on the kinematic equation
from special relativity.
IV. SOURCE OF GRAVITY AND HAWKING
RADIATION IN QUANTUM SPACETIME
The results of the previous section suggest that grav-
ity arises as interactions between quanta of accelerated
fields, once space and time have emerged from the free
theory. However we still have not talked about the source
of gravity, what is this that cause accelerated fields to in-
teract between each other. In Newton’s description of
gravity, the gravitational force is caused by a specific
property of material objects: their mass. In Einstein’s
theory of general relativity, curvature at every point in
spacetime is also caused by whatever mass is present (of
course it is not the only one, since relativity links mass
with energy).
In our case, too, mass is a key property in determining
the effects of gravity. But how can we add mass in a
physical system where quantum fields live in momentum
space and spacetime is nothing more than the Hilbert
space of those fields?
A relativistic invariant way to implement mass is the
energy momentum relation E2 − p2 = m2. By construc-
tion, the theory of accelerated fields does not convey any
information regarding mass. Mass never appears in the
equation which defines G˜. Since accelerated fields have
been established in momentum space, the consideration
of the energy momentum relation modifies the metric of
the space, where G˜ is defined, i.e. for any point it holds
(E, p)→ (
√
p2 +m2, p).
Below we will investigate the effect of, based on the
presence of mass, modified momentum space on the
quantum states of G˜. We will not only show the dis-
agreement between an uniform gravitational quantum
field built in massless and in massive momentum space
(labeled massless G˜ and massive G˜, respectively) on the
definition of the ground state, but also we shall demon-
strate that this difference is due to the thermal behavior
of massive G˜. This is reminiscent of the Unruh ambiguity
inherent to the choice of vacuum for standard quantum
fields in Rindler space. In Unruh effect, acceleration is
responsible for promoting zero-point quantum field fluc-
tuations to the level of thermal fluctuation. In our case,
this role is played by mass.
The approach presented below is based on Ref. [10]
where the thermal effect of acceleration was computed
by means of the field correlation function.
For the field G˜(E, p) (from now on ~ is recovered) satis-
fying the wave equation (17) we consider the correlation
function
〈
G˜(E1, p1) G˜(E2, p2)
〉
0
, computed in the vacuum
state. In this case it holds 〈a˜t a˜t′〉0 =
〈
a˜
†
t a˜
†
t′
〉
0
=〈
a˜
†
t a˜t′
〉
0
= 0 and
〈
a˜t a˜
†
t′
〉
0
= δ(t − t′). Therefore we
obtain 〈
G˜(E1, p1) G˜(E2, p2)
〉
0
=
~
pi
1
∆E2 −∆p2 . (20)
with ∆E = E2 − E1 and ∆p = p2 − p1.
In case we measure the vacuum correlation function in
massive space, the right part of (20) can be expressed in
another form. We can adopt a reparametrization, sat-
isfying automatically the relation E2 − p2 = m2. As
this represents hyperbolic curves, we can use hyperbolic
functions and set
E = m cosh s (21)
p = m sinh s (22)
with s = σ/m a variable and σ a parameter. The induced
metric becomes then
ds2 = dE2 − dp2 (23)
= dm2 −m2ds2 (24)
representing the massive momentum space. There is a
horizon at m = 0 so these coordinates are good for m > 0
and −∞ < σ < ∞. As a consequence, the coordinates
(m,σ) only cover the patch of momentum space with
E > 0 and |p| < E. Thus, a frame of reference embodied
with mass is effectively confined to a piece of momentum
space and it feels a horizon at m = 0.
One can calculate the difference ∆E2−∆p2 by making
use of Eqs. (21) and (22)
∆E2 −∆p2 = −4m2 sinh2
(
σ2 − σ1
2m
)
. (25)
Then the correlation function
〈
Ψ˜(E1, p1)Ψ˜(E2, p2)
〉
0
in
the vacuum of the uniform gravitational field, defined
7in massive momentum space, is given by
〈
G˜(E1, p1)G˜(E2, p2)
〉
0
= − ~
4pim2
csch2
(
σ2 − σ1
2m
)
.
(26)
Next, we consider the field correlation function〈
G˜(0, k)G˜(0, k + σ)
〉
at a point in (massless) momentum
space for a field in equilibrium at temperature T . In
order to compute this, we impose〈
a˜
†
t a˜t′
〉
= δ(t′ − t)n(xt), n(xt) =
(
e
xt
k˜T − 1
)−1
,
(27)
which simply implies that different modes of a thermal
field are uncorrelated and that a mode of frequency xt
has an average number of quanta n(xt). It is important
to mention that due to the dimensions that the Hamilto-
nian of our system has, the Boltzmann constant has been
substituted by k˜B , which has dimension length divided
by temperature. Finally we take
〈
G˜(0, k)G˜(0, k + σ)
〉
= −~
pi
(
pik˜BT
~˜
)2
csch2
(
pik˜BTσ
~˜
)
,
(28)
which, comparing with the correlation function (26), we
find that they are equivalent for the temperature
T =
~
2pik˜Bm
. (29)
Assuming the existence of a detector which is special-
ized in detecting excitations of G˜, the meaning of this
result is that this detector in the vacuum, and defined
in massive momentum space, responds as a detector, de-
fined in (massless) momentum space, in a thermal bath
at temperature T = ~/2pik˜Bm. In other words, a particle
with rest mass m radiates quanta of G˜, each one carrying
length xt = ~ω˜ and time t = ~k˜.
This result raises many issues that should be clarified.
We will complete this section by discussing and attempt-
ing to elucidate some of these. First, let us try to give
some physical content to the effect that the vacuum state
of a massive field G˜ is full of space-time quanta.
The fact that in our construction the vacuum of accel-
erated fields is unstable to space-time quanta emission in
the presence of mass, should be associated to the conclu-
sion in classical relativistic physics that the Equivalence
Principle cannot remove all the effects of gravity in case
the system is equipped with mass.
In a uniform gravitational field, gravitation acts on
each part of the body equally and this is weightlessness,
a condition that also occurs when the gravitational field
is zero. Furthermore, the dynamics of the gravitational
field, as described in Einstein’s Equations, do not admit
solutions that are uniform in space and time. Thus, grav-
itation becomes apparent through the non-uniformities
in gravitational fields or the tidal forces, as they called.
It is these forces, formulated geometrically as space-time
curvature, that are regarded as the fundamental manifes-
tation of gravity in general relativity. In our approach,
the tidal effects of gravitation are expressed in quantum
terms as quanta in the vacuum state of accelerated quan-
tum fields. The absence of non-uniformities in gravita-
tional field reduces its quantum description to that pro-
vided by the accelerated field theory in (massless) mo-
mentum space in which the concepts of vacuum and field
excitations are well-defined.
Our result, in the first part of this section, does not
only show that massless and massive reference frames
extract distinct excitation contents from the same field.
It also demonstrates that an ”observer” in massive refer-
ence frame feels a thermal bath of quanta at temperature
which is inversely proportional to the mass. Unavoidably
this makes one think of Hawking effect [8, 9]. Hawking
found that a Schwarzschild black hole radiates quantum
mechanically at a temperature, TH = ~/8piGkBM , where
M is the mass of the black hole.
Probably someone could claim that this comparison
would be pointless and unfounded, since involves two un-
related quantum systems. Hawking discovered that black
holes emit particles with a thermal spectrum at a tem-
perature TH by combining matter quantum fields and
classical black hole mechanics. To be precise, this radia-
tion does not come directly from the black hole itself, but
rather is a result of virtual particles being boosted by the
black hole’s gravitation into becoming real particles. On
the other hand, we attributed a temperature to a massive
object just employing accelerated quantum fields and the
relativistic energy-momentum relation. Classical gravity
did not contribute, in any way, to the derivation of the
effect. In a sense, mass promotes vacuum fluctuations of
accelerated fields to the level of thermal fluctuations.
Nevertheless, assuming that Hawking radiation gives
a hint on the nature of quantum gravity and since ac-
celerated fields have the ambition to express quantum
gravity, T and TH , should be proportional in some limit.
This limit may be the coincidence of the two gravitational
objects, namely the black hole mass to satisfy the rela-
tion E2 − p2 = m2. In doing so, we implicitly consider
black hole as an elementary particle. As it is known this
can happen only in Planck scale where quantum gravity
dominates. In this scale holds k˜B/kB = G, thus finally
we derive
T = 4TH . (30)
We find that in Planck scale, black holes, considered just
as massive objects, radiate space-time quanta in temper-
ature which is proportional to TH . We should notice that
for this result we have not used all the available degrees
of freedom of the system of accelerated fields, since we
were confined ourselves to 1+1 dimensions. Usually G is
treated as a coupling constant. However, in general rela-
tivity due to the equivalence principle, G can be under-
stood as a conversion parameter between space-time and
energy-momentum space. G in the equation that gives
Hawking temperature should be interpreted as conver-
8sion parameter as well, which just serves as an auxiliary
variable that is needed for dimensional reasons.
But if black hole, as any other massive object, actually
radiates space-time quanta, how, in Hawking’s analysis,
they appeared to radiate energy quanta? This can be
explained by the instability in particle production that a
gauge/matter field exhibits when it is defined on quan-
tum space-time [2].
The argument given for Hawking and Unruh effects
for the structure of the vacuum near a black hole and
acceleration horizon, respectively, applies equally well to
accelerated fields vacuum near a mass horizon in mo-
mentum space. As (E2 − p2) → ∞ the temperature is
goes down to zero. As the mass horizon, E = ±p, is
approached the observer sees a deviating temperature.
We saw that the momentum vacuum is a thermal state
in massive space. Can we say anything about the entropy
associated with this thermal state? With calculation sim-
ilar to the one which shows that, the Minkowski vacuum
contains correlations between corresponding modes on ei-
ther side of the Rindler horizon, one can demonstrate
that momentum vacuum accommodates correlations be-
tween modes on either side of the mass horizon. Although
the vacuum is a pure quantum state, entanglement im-
plies that its restriction to a localized region is mixed.
The corresponding entropy can certainly be infinite
(due to the arbitrarily short wavelength fluctuations close
to the horizon) in a theory of quantum gravity with no
matter fields (remember that accelerated fields is an ef-
fort to describe gravity, while it is kept separate from the
matter fields.) This result supplements a conclusion in
matter quantum field theory, that entropy is infinite pro-
vided that no gravity is considered [12]. But how could
the horizon entropy ever be finite? In case of matter
quantum field theory, it seems that gravity itself should
somehow render the entropy finite. We suspect, by anal-
ogous arguments, that in accelerated field theory matter
fields will be responsible for this. The investigation of
this issue requires the integration of matter fields with
accelerated fields, something we intend to do in a subse-
quent paper.
V. MASS AS A GAS OF SPACETIME QUANTA
IN THERMODYNAMIC EQUILIBRIUM
In the last section we have seen that, in the frame-
work of accelerated fields, a massive object manifests its
presence by promoting the vacuum fluctuations of the
field to the level of thermal radiation. Mathematically,
mass has been introduced by modifying the metric of
momentum space, the stage where accelerated fields act.
This approach allowed us to argue in favor of a corre-
spondence between the, classically defined, curvature of
spacetime and the radiation of spacetime quanta, both
caused by the presence of mass. However, it did not un-
cover what is the origin of mass in a context in which
space is quantized. On the other hand, the hypothesis
of spacetime quanta in connection with statistical me-
chanics seems sufficient for revealing the nature of mass.
In the following I will briefly sketch the method, which
largely resembles the derivation of Planck’s law from the
grand canonical ensemble.
Let the accelerated field G˜ be confined in a cavity in
momentum space which is in thermal equilibrium at tem-
perature T . Adopting the view of previous section, tem-
perature in momentum space is determined in terms of
lengths, T = 1/k˜B x. Due to the quantization of the field,
the cavity with the enclosed accelerated field can be also
perceived as gas of spacetime quanta at thermal equi-
librium. Let there be different kind of quanta with the
respective numbers nt and lengths xt (t = 0 and t =∞).
Then the total grand canonical partition function of the
system is
Z =
∑
{ni}
e
− 1
k˜BT
∑
i ni(xi−µ)
=
∏
i
ZGi (31)
where
ZGi =
(
1− e
xi−µ
k˜BT
)−1
(32)
the grand canonical partition function for single-quantum
state with length xi. µ is the chemical potential. In the
derivation of ZGi in (31) we have used the formula from
geometric series 1 + b + b2 + b3 + · · · = 1/(1 − b). The
average number of quanta for that single-quantum state
is given by
〈ni〉 =
(
e
xi−µ
k˜BT − 1
)−1
(33)
A result that applies for each single-quantum state and
thus forms a distribution for the entire state of the sys-
tem.
Note that for µ = 0, eq.(33) is equivalent to the ther-
mal radiation formula of a massive object, with mass
given as a function of temperature.
This result clarifies the picture we should have for mas-
sive objects in the framework of accelerated fields. They
are collections of spacetime quanta enclosed by a sur-
face in thermal equilibrium which absorbs and re-radiates
”length”.
The analogy with black body and black body radiation
is close and compelling. Black body is idealized as a cav-
ity full of electromagnetic radiation. According to classi-
cal electromagnetism, such a object would absorb all the
impinged radiation and could never come to equilibrium
with surrounding matter. In thermal terms, it would
effectively have a temperature of absolute zero. Some-
thing that contradicts observations. Planck and Einstein
showed that a black body can reach thermal equilibrium,
and thus to radiate, if energy comes in quanta.
9Accelerated field theory achieves an equivalent resolu-
tion for masses. Classically, both in Newton’s law and
Einstein’s theory, gravity causes every massive object to
attract every other massive object. General relativity,
in particular, predicts the existence of black holes, re-
gions in which the gravitational effects are so strong that
even light can not escape. Nevertheless, the application
of quantum theory shows that black holes have nonzero
temperature. In this work we have shown that if space-
time is the quantum spacetime that described in accel-
erated fields theory then, any massive object can reach
thermal equilibrium. A massive object, as gravitational
black body, absorbs all the, digitized into discrete quanta
of length, accelerated field radiation that strikes it. But,
to stay in thermal equilibrium, it must emit radiation at
the same rate as it absorbs it, so a gravitational black
body radiates well. Its emission has a characteristic fre-
quency distribution that depends only on the tempera-
ture, or due to (29), on the mass. The analogy with the
classical case where the gravitational field that surrounds
a massive object depends only its mass is striking.
Just as the Planck’s distribution is the unique max-
imum entropy energy distribution for a gas of photons
at thermal equilibrium, so is gravitational black body
distribution for a gas of spacetime quanta, but not for
energy, for length. If the gas is not that of gravita-
tional black body’s distribution, the second law of ther-
modynamics guarantees that interactions will cause the
spacetime quantum length distribution to change and ap-
proach the distribution of a gravitational black body. In
such an approach to thermodynamic equilibrium, quanta
are created or annihilated in the right numbers and with
the right lengths to fill the cavity with the distribution
until they reach the equilibrium temperature. Recall that
µ = 0, which means that the numbers of space-time
quanta are not conserved.
The analysis described above can equally be applied
to black holes, as massive objects. This should have im-
portant implications in the area of black hole thermody-
namics. It would be especially interesting to investigate
the consequences for the problem of irreversibility.
VI. SUMMURY AND DISCUSSION
Quantum gravity remains an outstanding problem of
theoretical physics. The bottom line is the physicists are
still looking for the nature of the system that should be
quantized. In this work we argue that this system should
be accelerated fields.
Accelerated field theory provides a theoretical argu-
ment that any massive object emits radiation. The ra-
diation is produced as if emitted by a black body with
a temperature inversely proportional to the mass of the
object, but contrary to Planck’s law, radiation is com-
posed of space-time quanta and not photons. In this
scheme, gravity appears as a feature of accelerated fields,
which is necessary for its consistency. In order to come
to this conclusion, we had to give up the classical no-
tion of space-time. The quantization of space-time is
imposed by the definition of accelerated fields in momen-
tum space. Thus, gravity continues to be considered a
property of space-time. Depending on the language we
use to describe space-time, the definition of gravity is
adjusted analogously. Classically, where space-time is
described as (pseudo-) Riemannian manifold, gravity is
represented by its curvature, whereas quantum mechani-
cally, where space-time is expressed in terms of quantum
fields, gravity arises as black body radiation. In quantum
fields terms the model we propose for quantum gravity is
summarized saying that spacetime appears as the Fock
space of accelerated fields and gravity create and destroy
field quanta, taking us between the different sectors in
the Fock space.
The theory presented here on the quantum nature of
gravity cannot be the whole story. Our main result, that
massive objects emit black body radiation, was based on
the classical form of the energy-momentum relation to
serve as source of gravity. However, matter, along with
energy, is quantized, so a fully quantized description of
gravity requires the incorporation of standard field the-
ory into accelerated quantum fields. The consideration
of gravity’s source in the same physical form as that of
gravity, i.e. as quantum fields, will set us capable of pro-
viding a precise formulation of the relationship between
space-time fields and matter/gauge fields.
However, we chose the semi-classical approach for two
reasons. First, from this point of view, gravity appears
to bear a striking resemblance to a well studied effect of
standard quantum field theory, Unruh effect. Second,
our findings led us to develop the statistics of space-
time quanta, which is actually the Bose-Einstein statis-
tics adapted in the scheme of accelerated quantum fields.
It seems to us that the hypothesis of space-time quanta
in connection with statistical mechanics is sufficient to
define gravity. From this, we believe that the analysis of
many authors [13–15] on the resemblance between equa-
tions of gravity and the laws of thermodynamics can be
obtained.
Although we have considered field theories in 1 + 1
dimensions, our results can be extended to physical di-
mensions. In terms of a global inertial coordinate system
t, x, y, z, let us consider the killing field which generates
a boost about the origin in the x direction. In this case,
the hyperbolic surface t2−x2 = −1/g2 is invariant under
translation in y and z direction. Given the fact that the
definition of accelerated fields is based on this hyperbolic
cylinder surface, in our theory, accelerated fields become
invariant under translations in y and z direction. This
clearly reproduces all the results presented above. In the
general case, we will have three dimensional surface that
will be projected into the planes (t, x), (t, y) and (t, z),
thus defining three independent accelerated fields. This
reflects the fact that, in our theory, geometry is trans-
lated into fields.
10
Acknowledgments — The author would like to thank Lucas C. Ce´leri for discussions.
[1] L. C. Ce´leri and V. I Kiosses. Canonical field quan-
tization in momentum space and quantum space-time.
https://arxiv.org/abs/1712.05206 (2017).
[2] L. C. Ce´leri and V. I Kiosses, Unruh effect as a result of
quantization of spacetime, Phys. Lett. B781, 611 (2018).
[3] L. Smolin, Three roads to quantum gravity, Basic Books,
New York, NY (2005).
[4] J. Maldacena, Juan, The Large N limit of superconfor-
mal field theories and supergravity, Adv. Theor. Math.
Phys. 2:231-252, (1998).
[5] M. Born, Rev. Mod. Phys. 21, 463 (1949).
[6] W. G. Unruh. Notes on black-hole evaporation. Phys.
Rev. D14, 870 (1976).
[7] C. W. Misner, K. S. Thorne, J. A. Wheeler, Gravitation
(San Francisco: W. H. Freeman, 1973), section 6.2.
[8] S. W. Hawking. Black hole explosions?. Nature 248, 30
(1974).
[9] S. W. Hawking. Particles creation by black holes. Com-
mun. Math. Phys. 43, 199 (1975).
[10] P. W. Miloni, The quantum vacuum: An introduction to
quantum electrodynamics (Academic Press, 1993).
[11] G. Amelino-Camelia, L. Freidel, J. Kowalski-Glikman,
and L. Smolin, Principle of relative locality, Phys. Rev.
D84, 084010 (2011)
[12] T. Jacobson, Gravitation and vacuum entanglement en-
tropy, arXiv:1204.6349, (2012).
[13] T. Padmanabhan, Thermodynamical Aspects of Gravity:
New insights. Rep. Prog. Phys. 73, 046901 (2010), and
references therein.
[14] T. Jacobson, Thermodynamics of space-time: The Ein-
stein equation of state. Phys. Rev. Lett. 75, 1260 (1995)
[15] E. P. Verlinde, On the Origin of Gravity and the Laws of
Newton. JHEP 1104:029 (2011)
